Benzylisoquinoline alkaloids are one of the most important secondary metabolite groups, and include the economically important analgesic morphine and the antimicrobial agent berberine. To improve the production of these alkaloids, we investigated the effect of the overexpression of putative rate-limiting step enzymes in benzylisoquinoline alkaloid biosynthesis. We introduced two O-methyltransferase [Coptis japonica norcoclaurine 6-O-methyltransferase (6OMT) and 3 0 -hydroxy-N-methylcoclaurine 4 0 -O-methyltransferase (4 0 OMT)] expression vectors into cultured California poppy cells to avoid the gene silencing effect of endogenous genes. We established 20 independent lines for 6OMT transformants and 15 independent lines for 4 0 OMT transformants. HPLC/ liquid chromatography-mass spectrometry (LC-MS) analysis revealed that the overexpression of C. japonica 6OMT was associated with an average alkaloid content 7.5 times greater than that in the wild type, whereas the overexpression of C. japonica 4 0 OMT had only a marginal effect. Further characterization of 6OMT in California poppy cells indicated that a 6OMT-specific gene is missing and 4OMT catalyzes the 6OMT reaction with low activity in California poppy, which supports the notion that the 6OMT reaction is important for alkaloid biosynthesis in this plant species. We discuss the importance of 6OMT in benzylisoquinoline alkaloid biosynthesis and the potential for using a rate-limiting step gene to improve alkaloid production.
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Introduction
Higher plants produce a wide range of chemicals, which have been used as dyes, fragrances or pharmaceuticals. Alkaloids are the most important biologically active metabolites, and include the anticancer agent paclitaxel (Taxus baccata), the antimalarial quinine (Cinchona officinalis) and the antineoplastic vinblastine (Catharanthus roseus) (Croteau et al. 2000) . Despite their economic importance, alkaloid derivatives are still extracted from plant harvests, mainly in the wild (Raskin et al. 2002) . However, the productivity of natural harvests is not sufficient and is often unstable due to environmental factors, such as climate change, pathogen attack, and so on. To satisfy the demand for these compounds, alternative production systems, such as cell culture systems, which can grow cells under controlled and/or optimized conditions, have been studied (Dougall 1981) . However, only a few selected plant cells can produce sufficient quantities of metabolites for industrial application. We report here our attempts to improve the production of useful benzylisoquinoline alkaloids in California poppy (Eschscholzia californica) cells by molecular engineering techniques.
Benzylisoquinoline alkaloids include many important pharmaceuticals, such as the analgesics morphine and codeine (Papaver somniferum), and the antibacterial agents sanguinarine (P. somniferum, E. californica) and berberine (Coptis japonica). So far, high berberine-producing cultured C. japonica cells have been selected (Sato and Yamada 1984) and a productivity as high as 7.0 g l À1 has been reported (Matsubara et al. 1989) . While this productivity is still not sufficient for industrial application, these C. japonica cells have provided important biochemical and molecular biological information on isoquinoline alkaloid biosynthesis.
Different classes of benzylisoquinoline alkaloids, such as morphinan, protoberberine, benzophenanthridine, and so on, share the same early steps in their biosynthetic pathways. Thus, we have cloned and characterized almost Fax, all of the biosynthetic genes in the early steps from norcoclaurine to reticuline [L-tyrosine decarboxylase, (S)-norcoclaurine synthase, S-adenosyl-L-methionine:norcoclaurine 6-O-methyltransferase (6OMT), S-adenosyl-Lmethionine:coclaurine N-methyltranferase, CYP80B2, S-adenosyl-L-methionine:3 0 -hydroxy-N-methylcoclaurine 4 0 -O-methyltransferase (4 0 OMT)] from high berberineproducing C. japonica cells (Takeshita et al. 1995 , Morishige et al. 2000 , Ikezawa et al. 2003 , Minami et al. 2007 (Fig. 1) . Using these genes, we have examined the effects of ectopic expression of biosynthetic genes to improve alkaloid productivity further. Two C. japonica O-methyltransferases, 6OMT and 4 0 OMT, were chosen for the first trial, since the steps that involve these enzyme would be rate limiting in C. japonica and Thalictrum minus (Hara et al. 1994 , Sato et al. 1994a , Sato et al. 1994b , Frick and Kutchan 1999 . Thus, both cultured C. japonica and T. minus cells showed relatively low O-methyltransferase activities in early steps compared with late steps. Furthermore, T. minus cells showed cytokinin-induced berberine production that was accompanied by the induction of 6OMT. We also used California poppy cells, since this plant species, which produces benzophenanthridine alkaloid, a type of benzylisoquinoline alkaloid, is transformable (Sato et al. 2001) and is also suitable for avoiding homologous gene silencing due to the high expression of the endogenous gene.
Transgenic California poppy cells with ectopic expression of C. japonica 6OMT showed markedly increased benzophenanthridine alkaloid production, while those that overexpressed 4 0 OMT showed only a moderate increase. Further characterization of 6OMT in California poppy cells indicated that this plant species might lack a 6OMT-specific gene and 4 0 OMT may also catalyze the 6OMT reaction, which supports the notion that the 6OMT reaction plays an important role in benzylisoquinoline alkaloid biosynthesis.
Results

Overexpression
of Coptis japonica norcoclaurine 6-O-methyltransferase and 3 0 -hydroxy-N-methylcoclaurine 4 0 -O-methyltransferase in California poppy cells and alteration of benzophenanthridine alkaloid accumulation
Overexpression vectors for C. japonica (Cj) 6OMT and 4 0 OMT were constructed in pBHE under the control of the cauliflower mosaic virus (CaMV) 35S with enhancer elements to enable high constitutive expression. California poppy cells were chosen for this experiment, since this plant species is easy to transform and shares a common biosynthetic activity for benzylisoquinoline alkaloids and benzophenanthridine alkaloids (Sato et al. 2001) . We also expected that this heterologous host would be useful for About 50 segments of seedlings were transformed and about 30 hygromycin-resistant clones were established after each transformation. Integration of transgenes was confirmed by PCR of extracted genome using primers for 35S and OMT-specific sequences. Genomic PCR confirmed 20 independent lines as 6OMT transformants and 15 independent lines as 4 0 OMT transformants. Vector control cell lines transformed with pBITXEl2 (Sato et al. 2001 ) and wild-type cultured cell lines were also established as a control.
More than 10 transformants were selected for each OMT transformant based on cell growth. Visual inspection revealed that some transformants, especially some 6OMT transformants, showed deep red pigmentation, whereas wild-type cells without transformation or with a vector construct showed a yellow or brown color ( Fig. 2A) .
To evaluate alkaloid constituents, the cell extracts were analyzed by HPLC/liquid chromatography-mass spectrometry (LC-MS) analyses. HPLC analysis showed that all cells showed a similar alkaloid composition, but there were large differences in quantity (Fig. 2B) . The most prominent changes were found in peaks 1-5, and peak 1 and peak 3 were identified as sanguinarine and chelerythrine based on comparison with their standards by LC-MS. LC-MS and photodiode array analyses indicated that peaks 1-5 in Fig. 2B belonged to benzophenanthridine alkaloids, and peaks 2, 4 and 5 were assigned to 10-hydroxychelerythrine, chelirubine and macarpine, based on their m/z values.
The content of benzophenanthridine alkaloids (peaks 1-5) was estimated as sanguinarine equivalent based on UV absorbance in HPLC analysis using berberine as an internal standard. The ectopic expression of two C. japonica OMTs had positive, albeit different, effects on alkaloid production, whereas there was no significant difference in alkaloid content between the wild type (n ¼ 10, 0.20-0.87 mg sanguinarine equivalent g À1 FW, median ¼ 0.44) and vector control cell lines transformed with pBITXEl2 or pART27 (Fujii et al. 2006 ) (n ¼ 13, 0.07-1.2 mg sanguinarine equivalent g À1 FW, median ¼ 0.49) at P40.1 by t-test. Overexpression of 6OMT obviously increased the alkaloid content (n ¼ 20, 0.02-3.4 mg sanguinarine equivalent g À1 FW, median ¼ 1.6) compared with that in the wild type: the average alkaloid content was about 7.5 times that in the wild type. On the other hand, the overexpression of 4 0 OMT (n ¼ 15, 0.27-1.4 mg sanguinarine equivalent g À1 FW, median ¼ 0.60) had only a marginal effect on alkaloid production (Fig. 2C) . Interestingly, there was no difference in the content of the 6OMT product, coclaurine, between transformants and the wild type, suggesting that late steps in benzophenanthridine alkaloid biosynthesis were sufficient to convert the product, coclaurine, into further metabolites.
To confirm the correlation between the ectopic expression of OMT genes and alkaloid content, we examined the expression of introduced CjOMTs and endogenous biosynthetic enzymes. When we examined the expression of 6OMT in five transgenic lines with different alkaloid content, a full-length Cj6OMT probe showed that the expression level of endogenous 6OMT in wild type was low or not detected due to low sequence homology (see later discussion). However, all of the Cj6OMT transformants showed a moderate to high expression of Cj6OMT (Fig. 3A) . Expression of 4 0 OMT was examined by immunoblot analysis because California poppy (Ec) 4 0 OMT showed relatively high similarity to Cj4 0 OMT. AntiCj4 0 OMT antibodies detected 4 0 OMT protein in both wild type and 4 0 OMT transformants, suggesting that 4 0 OMT antibodies recognized both enzymes, as expected (Fig. 3A) . Immunoblot analysis also showed that the ectopic expression of 4 0 OMT clearly resulted in an increase in 4 0 OMT expression. When the expression levels of both OMTs were compared (Fig. 3B ), the expression level of Cj6OMT mRNA was more strongly correlated with the accumulation of benzophenanthridine alkaloids than with 4 0 OMT protein.
On the other hand, further RNA blot analysis with California poppy berberine bridge enzyme (BBE) and tyrosine decarboxylase (Tydc) cDNAs revealed the unexpected enhancement of endogenous gene expression of these biosynthetic enzymes in most of the transformants examined. Thus, even vector control transformants showed a marked increase in transcripts of these biosynthetic genes, except for BBE in BBE-ir, where BBE expression was silenced by RNA interference (RNAi; Fujii et al. 2006 ). Although we need to examine expression levels of other biosynthetic genes, these data also indicated that the enhanced expression of Cj6OMT was responsible for the increase in the overall production of benzophenanthridine alkaloids (Fig. 4) , which suggests that 6OMT is involved in the rate-limiting step in benzylisoquinoline alkaloid biosynthesis in California poppy cells.
Characterization of native 6-O-methyltransferase in California poppy cells indicates that 4
0 -O-methyltransferase can also function as a 6-O-methyltransferase
Whereas the ectopic expression of Cj6OMT clearly increased alkaloid production in California poppy cells, we were puzzled why enhanced gene expression of endogenous biosynthetic enzyme for alkaloid biosynthesis was not sufficient to improve alkaloid productivity, when we observed the increased expression of endogenous BBE and Tydc. Since the simplest explanation is that endogenous 6OMT did not respond to transformation-induced gene activation, we tried to isolate endogenous 6OMT from California poppy cells. We then tried to isolate endogenous 6OMT cDNA using degenerate PCR from genomic DNA or cDNA with several different sets of primers (Supplementary Table S1 ), but no specific amplicon for Ec6OMT was produced. Also, even when we searched the Plant Genome Network expressed sequence tag (EST) library for California poppy (http://pgn.cornell.edu/cgibin/library/lib_info.pl?lib_id¼7), there was no clone that shared close sequence similarity with P. somniferum (Ps) or Cj 6OMT, whereas Ec6OMT was reported recently in this EST library (Carlson et al. 2006) . Our search showed that only nine clones shared close sequence similarity with Ps4 0 OMT and other biosynthetic genes in the benzophenanthridine alkaloid pathway.
Since we could not find a 6OMT-specific clone in the cDNA or genome library of California poppy with our experiments, we tested the possibility that California poppy may have lost 6OMT during evolution, cultivation or the establishment of cultured cells, since Ec4 0 OMT may have 6OMT activity through 4 0 OMT. We isolated full-length cDNA from California poppy by 5 0 and 3 0 RACE (rapid amplification of cDNA ends) using specific primers designed from sequence information in the EST library. The cDNA isolated encoded 353 amino acids and a conserved S-adenosylmethionine (SAM)-binding domain at the C-terminal end. Amino acid sequence prediction showed that Ec4 0 OMT had 72% identity with Ps4 0 OMT2 and 51% identity with Ps6OMT (Fig. 5A) . The expression vector of recombinant Ec4 0 OMT in Escherichia coli was . 1, Sanguinarine; 2, 10-hydroxychelerythrine; 3, chelerythrine; 4, chelirubine; 5, macarpine. (C) Benzophenanthridine alkaloid content in transgenic California poppy cells. Alkaloid content was estimated as sanguinarine equivalent, and berberine was used as an internal standard in quantification. There was no significant difference in alkaloid content between WT and vector control at P40.1, and the difference between WT and 6OMT transformants was significant at P50.005 by t-test. n ¼ 10, 13, 15 and 20 for WT, vector control, 4 0 OMT transformants and 6OMT transformants, respectively. then constructed and the recombinant protein was produced to characterize the enzyme activity. SDS-PAGE and immunoblot analysis with Cj4 0 OMT antibodies showed that recombinant Ec4 0 OMT of approximately 40 kDa was successfully produced in E. coli (data not shown).
The crude E. coli extract was used to measure 4 0 OMT and 6OMT activity. Laudanosoline was used as the substrate for the 4 0 OMT assay because of its ready availability and similar product formation in the reaction (Morishige et al. 2000) . LC-MS analysis showed that Ec4 0 OMT had 4 0 -O-methylation activity when laudanosoline was used as a substrate (Fig. 6Ad, i and l) . In addition, Ec4 0 OMT produced a little 6-O-methylated product (Fig. 6Ad, i and k) and also the di-methylated product reticuline from laudanosoline ( Fig. 6Ad and e) . On the other hand, Cj6OMT only showed 6-O-methylation activity for laudanosoline ( Fig. 6Ab and g ). Mono-methylated products of laudanosoline were identified by HPLC and the MS fragmentation pattern. The production of reticuline was also confirmed by co-elution with the reticuline standard by LC-MS.
Furthermore, Ec4 0 OMT showed clear 6-O-methylation activity for norcoclaurine and produced coclaurine (Fig. 6Bb) . The production of coclaurine was confirmed by co-elution with standard coclaurine by LC-MS and the MS fragmentation pattern (Fig. 6Bb-e) , whereas the production of 4 0 -O-methylated norcoclaurine was not detected by co-elution with 4 0 -O-methylated norcoclaurine standard by LC-MS (data not shown). 4 0 -O-methylated norcoclaurine standard was synthesized by chemical coupling between dopamine and 4-methoxyphenyl acetaldehyde oxidized from 2-(4-methoxyphenyl)-ethylamine (Merck) by tyramine oxidase (Sigma). The control E. coli lysate without Ec4 0 OMT showed no enzymatic activity (Fig. 6Ba) . Interestingly, Ec4 0 OMT produced methylated product other than norcoclaurine and also more methylated product in the reaction with norcoclaurine, as was seen for laudanosoline (data not shown). These results indicate that Ec4 0 OMT has both 6OMT and 4 0 OMT activity. (Fujii et al. 2006) .
CjaCoOMT ( (B) Phylogenetic tree of plant O-methyltransferases at the protein level. Forty-two OMT sequences obtained from GenBank were aligned using ClustalW. Ath, Arabidopsis thaliana; Cam, Chrysosplenium americanum; Can, Capsicum annuum; Cbr, Clarkia breweri; Cja, Coptis japonica; Eca, Eschscholzia californica; Gec, Glycyrrhiza echinata; Hvu, Hordeum vulgare; Msa, Medicago sativa; Nta, Nicotiana tabacum; Oba, Ocimum basilicum; Par, Prunus armeniaca; Pdu, Prunus dulcis; Ppy, Pyrus pyrifolia; Psa, Pisum sativum; Pso, Papaver somniferum; Pta, Pinus taeda; Ptr, Populus tremuloides; Rhc, Rosa hybrid cultivar; Tae, Triticum aestivum; Tfl, Thalictrum flavum; Ttu, Thalictrum tuberosum; Vvi, Vitis vinifera; Zel, Zinnia elegans; Zma, Zea mays; 7OMT, reticuline 7OMT; CoOMT, columbamine OMT; AEOMT, hydroxycinnamic acids/hydroxycinnamoyl CoA esters OMT; CaOMT, caffeic acid 3OMT; CCoAOMT, caffeoyl-CoA 3OMT; 3 0 FOMT, 3 0 flavonoid OMT; F7OMT, flavonoid 7OMT; I7OMT, isoflavone 7OMT; ChOMT, chavicol OMT; EuOMT, eugenol OMT; OrOMT, orcinol OMT; DpOMT, O-diphenol OMT; Il2 0 OMT, isoliquiritigenin 2 0 OMT; IeOMT, (iso)eugenol OMT; 6aOMT, 6a-hydroxymaackiain methyltransferase.
When the 6OMT activities of Ec4
0 OMT and Cj6OMT were compared for norcoclaurine, the 6OMT activity of Ec4 0 OMT was much lower than that of Cj6OMT (Supplementary Table S2 ). In fact, the 6OMT activity of Ec4 0 OMT (2.2 pmol mg À1 crude protein s
À1
) was much lower than its 4 0 OMT activity (88 pmol mg À1 crude protein s À1 ) even for laudanosoline. Cj4 0 OMT also showed low 6OMT activity when it was reacted with norcoclaurine, whereas both Ec4 0 OMT and Cj4 0 OMT showed more 6-O-methylation activity than 4 0 OMT activity when norcoclaurine was used as a substrate instead of laudanosoline.
Previous studies have suggested that N-methylation was important for 4 0 -O-methylation (Morishige et al. 2000) . When norlaudanosoline was used as a substrate, the 6OMT activity of 4 0 OMT was comparable with that with laudanosoline, but the 4 0 OMT activity was greatly reduced (Supplementary Table 2 ). This result supports the previous prediction that the substrate specificity of 4 0 OMT and the reaction sequence in the biosynthetic pathway are regulated by N-methylation.
The broad specificity and low 6-O-methylation activity of 4 0 OMT in comparison with Cj6OMT suggested that Ec4 0 OMT and Cj4 0 OMT may be original forms of earlystep OMT in isoquinoline alkaloid biosynthesis and 6OMT was generated through specification into 6OMT after duplication of the gene. However, it is also possible that Ec6OMT was lost during evolution or when the cell culture was established. Our preliminary Southern blot analysis of genomic DNA of intact plant of California poppy using Ec4 0 OMT probes indicated that the latter possibility was slight since the hybridization signal showed a single band even under the low stringency hybridization conditions. Thus, we conclude that the 6OMT step is rate limiting, especially for California poppy cells, and bifunctional 4 0 OMT can act as 6OMT. While we need a more detailed biochemical characterization of 6OMT in different plant species, 6OMT may also be rate limiting in other plant species.
Discussion
Ectopic expression of 6OMT from C. japonica markedly increased benzophenanthridine alkaloid biosynthesis in California poppy cells, whereas that of 4 0 OMT only marginally increased alkaloid production. Our result provides experimental support for the previous speculation that an early step in isoquinoline alkaloid biosynthesis is rate limiting. In fact, comparison of selected high berberineproducing C. japonica cells with low-producing cells showed that early-step enzymes were much more activated than later-step enzymes (Sato et al. 1994a) . In Thalictrum tuberosum cell cultures, the increase in berberine biosynthesis upon the addition of methyljasmonate is due to an increase in early-step OMTs and CNMT (Frick and Kutchan 1999) . Berberine biosynthesis was activated through the induction of 6OMT by the addition of cytokinin in T. minus cells (Hara et al. 1994) . Berberine non-producing cell lines of T. minus showed no 6OMT activity. Feedback inhibition of Cj6OMT and Berberis 4 0 OMT by the end product has also been reported (Frenzel and Zenk 1990, Sato et al. 1994b ). These results can also be explained by our finding that 6OMT is rate limiting and regulatory. Metabolic engineering offers considerable potential to improve the quality and quantity of secondary metabolites. Two general approaches for increasing the production of useful compounds have been tried. Primarily, attempts have been made to increase the entire pathway by the overexpression of a master transcriptional factor (Memelink et al. 2001) . In anthocyanin biosynthesis in Arabidopsis thaliana, the MYB transcriptional factor pap1 gene was isolated (Borevitz et al. 2000) and pap1 overexpression has successfully induced genes involved in anthocyanin biosynthesis with an increase in the amount of cyanidin and quercetin derivatives (Tohge et al. 2005) . However, transcriptional factors in secondary metabolism, except for the phenylpropanoid pathway, have rarely been isolated and characterized (Kato et al. 2007 and references therein). Furthermore, no single transcriptional factors control the entire pathway. In fact, our knowledge of the transcriptional factors involved in alkaloid biosynthesis is still very limited, although many researchers have been working hard to identify such factors. The second approach is the overexpression of one or a few genes in rate-limiting steps. This approach should be effective if such overexpression could overcome the specific rate-limiting steps in the pathway. The pioneering investigation of alkaloid metabolic engineering by this strategy was in transgenic Atropa belladonna plants that overexpressed the Hyoscyamus niger (Hn) hyoscyamine 6b-hydroxylase gene. Ectopic expression of the Hn6b-hydroxylase gene efficiently converted hyoscyamine into scopolamine in transgenic A. belladonna (Yun et al. 1992 ). On the other hand, the simple overexpression of an early-step gene is usually not sufficient for inducing end products due to other ratelimiting steps later in the pathway. For example, the overexpression of tryptophan decarboxylase in C. roseus increased tryptamine, but did not increase alkaloids, whereas the overexpression of strictosidine synthase resulted in a higher accumulation of alkaloids (Canel et al. 1998) .
In this study, we examined the effectiveness of the overexpression of a single gene, which might be involved in the rate-limiting step in isoquinoline alkaloid biosynthesis, as suggested above based on several different lines of evidence. Surprisingly, overexpression of an early-step 6OMT gene considerably increased the production of benzophenanthridine alkaloids. This result suggests that both upstream and downstream steps do not limit the benzylisoquinoline alkaloid biosynthetic pathway in California poppy cells and that overexpression of the gene in the rate-limiting step is very effective for improving productivity. While other plant species should be examined, the nature of 6OMT in isoquinoline alkaloid biosynthesis (as discussed below) suggests that the overexpression of a gene in the rate-limiting step could be a useful strategy for overcoming reaction limitations if the target gene is carefully selected.
An unexpected finding is that 4 0 OMT of both California poppy and C. japonica showed 6OMT activity, whereas their 6OMT activity was much lower than that of Cj6OMT. Since the 6OMT activity of 4 0 OMT with laudanosoline as an artificial substrate for the 4 0 OMT assay was quite low, our previous measurements have not detected the bifunctional activity of 4 0 OMT (Morishige et al. 2000) . Whereas there is still little possibility that a 6OMT ortholog of California poppy may exist, as recently reported (Carlson et al. 2006) , our current results using genomic PCR, cDNA analysis and genomic Southern analysis suggested that Ec4 0 OMT also functions as 6OMT in isoquinoline alkaloid biosynthesis in California poppy. Multifunctional forms of OMTs have been reported for T. tuberosum OMTs, which catalyze O-methylation in both phenylpropanoid and alkaloid pathways (Frick and Kutchan 1999) . Chrysosplenium americanum OMT is also known to catalyze the production of both flavonoid and phenylpropanoid compounds (Gauthier et al. 1998) . Our findings suggest that these OMTs could be useful as molecular markers for investigating the molecular evolution of alkaloid biosynthesis. The high molecular similarity of 6OMT and 4 0 OMT in C. japonica and P. somniferum also supports their common origin and duplication during evolution.
Another unexpected observation in this study is that even transformation with vector control itself induced the activation of gene expression in isoquinoline alkaloid biosynthesis. A few reports have noted that biosynthetic genes involved in secondary metabolism were activated by transformation. Hairy roots, transformed with Agrobacterium rhizogenes, produced secondary metabolites with development and differentiation (Sevon and OksmanCaldentey 2002) . Catharanthus roseus cells transformed with Agrobacterium tumefaciens or A. rhizogenes also stably produced vindoline, which was not found in cultured cells (O'Keefe et al. 1997 ). Although it is not yet clear how transformation affects metabolite production, these results suggest that transformation itself might be effective for the activation of alkaloid production.
Materials and Methods
Construction of overexpression vectors
Full-length cDNAs of C. japonica (Cj) 6OMT and 4 0 OMT were prepared from pBS40/pBS41 (Morishige et al. 2000) with XbaI/SalI restriction enzymes and cloned into the binary vector pBITXEl2 to yield the overexpression vectors pBHE6 and pBHE4 0 , respectively. Each cDNA was placed under the control of the CaMV 35S promoter with the duplicated enhancer (El2) to ensure high constitutive expression (Mitsuhara et al. 1996) . Each binary vector with a hygromycin resistance gene as a selection marker was introduced into A. tumefaciens strain LBA4404 by electroporation as described elsewhere (Nagel et al. 1990 ).
Plant materials and transformation
California poppy seeds (E. californica, Momose Seeds, Tochigi, Japan) were germinated and grown on 1/2 LinsmaierSkoog (LS) medium under continuous light (50 mE m À2 s
À1
) for 3 weeks and used for the transformation. About 1 cm segments of seedlings were co-cultured with A. tumefaciens harboring pBHE6 and pBHE4 0 in co-culture medium [LS medium (pH 5.2) containing 10 mM 1-naphthylacetic acid, 1 mM benzyladenine and 100 mM acetosyringone] for 2 d in the dark. After 2 d of incubation, infected tissues were cultured on selection medium [LS medium (pH 5.7) with 10 mM 1-naphthylacetic acid, 1 mM benzyladenine, 20 mg ml À1 hygromycin and 200 mg ml À1 cefotaxime]. Every 4 weeks, transformed tissues were transferred to fresh selection medium. After 6 months of selection, transformed cells growing on selection medium were, at 3 week intervals, transferred to liquid LS medium supplemented with 10 mM 1-naphthylacetic acid, 1 mM benzyladenine, 20 mg ml À1 hygromycin and 200 mg ml À1 cefotaxime, and cultured at 90 r.p.m. in the dark at 25 AE 18C.
The integration of the expression construct in transgenic cells was confirmed by PCR. Genomic DNA was prepared from 0.3 g of fresh cultured cells by the cetyltrimethylammonium bromide method as described elsewhere (Sato et al. 1996) and the insert was amplified with primer for the 35S promoter (5 0 -GATATCTCCACTGACGTAAGG-3 0 ) and that for 6OMT (5 0 -CAGGTTGACTTGGAAGACGC-3 0 ), or 35S primer and that for 4 0 OMT (5 0 -CGTTCAATATTAGGAAGGTCATAGG-3 0 ).
HPLC/LC-MS analysis of benzylisoquinoline alkaloids
Cultured transgenic cells were subcultured in liquid medium for 46 months at 3 week intervals. Constantly growing transgenic cells were used for the alkaloid analysis. Cultured cells were harvested after 10 d of culture and alkaloids were extracted from 0.75 g of fresh weight cells with 3 ml of methanol containing 15 ml of 4 M HCl and 100 mM berberine (internal standard) at room temperature for 24 h. After homogenization and centrifugation, the alkaloid contents in supernatants were determined by HPLC analysis with a Class-Vp System [SHIMADZU, Kyoto, Japan; mobile phase, 50 mM tartaric acid and 10 mM SDS/acetonitrile/ methanol (4 : 4 : 1) (Sato et al. 2001) ; column, TSKgel ODS-80Tm, 250 mm length Â f4 mm (TOSOH, Tokyo, Japan); flow rate, 1.2 ml min
À1
; detection, photodiode array 190-600 nm]. The alkaloids in the cell extract were also analyzed by an LCMS-2010 system [SHIMADZU; mobile phase, water/acetonitrile/ methanol (4 : 4 : 1) containing 1% acetic acid; column, TSKgel ODS-80Tm, 250 mm length Â f4 mm (TOSOH); flow rate, 0.5 ml min
; detection, absorbance measurement at 280 nm]. Sanguinarine (Sigma) and chelerythrine (Wako Pure Chemicals) were purchased and used as standards. Alkaloid content was corrected by the internal standard berberine and quantified as sanguinarine equivalent.
RNA gel blot analysis
Total RNA was extracted from 10-day-old cultured California poppy cells using an RNeasy Plant Mini Kit (Qiagen) according to the manufacturer's instructions. RNAs were electrophoresed on 1% formaldehyde agarose gels and then blotted on Hybond Nþ membranes (Amersham). Transcripts of introduced Cj6OMT or Cj4 0 OMT and endogenous Tydc or BBE of California poppy were detected with full-length Cj6OMT or Cj4 0 OMT probes, EcTydc cDNA fragment or full-length EcBBE (gb|S65550.1), which were radiolabeled with [a-32 P]dCTP using Random Primed DNA Labeling Kits (Amersham). Hybridization was performed at 428C in 6Â SSC (0.15 M NaCl and 0.015 M sodium citrate), 0.1% (w/v) SDS, 10% (w/v) bovine serum albumin (BSA), 10% Ficoll 400, 10% (w/v) polyvinylpyrrolidone, 50% formamide and 100 mg ml À1 denatured salmon sperm DNA. The blot was washed at room temperature for 5 min with 2Â SSC and 0.1% SDS, then at 608C with 2Â SSC and 0.1% SDS for 15 min, and with 1Â SSC and 0.1% SDS for 20 min. Hybridization signals were quantified with a BAS2000 Bio imaging analyzer (FUJIX) using an imaging plate.
Protein gel blot analysis
Cultured California poppy cells harvested after 10 d of culture were extracted in 100 mM Tris-HCl (pH 7.5) containing 5 mM EDTA, 10 mM 2-mercaptoethanol and 10% glycerol. The supernatant was recovered after centrifugation at 15,000Âg for 10 min. Proteins were then separated by SDS-PAGE and transferred to a polyvinylidene difluoride membrane. After blocking with 3% skim milk, 4 0 OMT was detected with antibodies against Cj4 0 OMT ( Morishige et al. 2000) and with alkaline phosphate-conjugated secondary antibodies using Renaissance Western Blot Chemiluminescence Reagent (NEN Life Science Product).
Isolation of California poppy 4
0 OMT cDNA and heterologous expression in E. coli
The sequence information for 4 0 OMT in California poppy was obtained from the Plant Genome Network EST library for California poppy (http://pgn.cornell.edu/cgi-bin/library/ lib_info.pl?lib_id¼7) using a BLAST search with the 4 0 OMT sequence of opium poppy (gb|AY217334.1). Full-length 4 0 OMT cDNA was isolated from total RNA from cultured California poppy cells by RACE using a GeneRacer TM Kit (Invitrogen) with GeneRacer 3 0 -primer and gene-specific primer (GSP) for the 5 0 ends; 5 0 -GSP (5 0 -TCCTAACTCAACTGCAGAACGAA GGAC-3 0 ) and 5 0 -nested GSP2 (5 0 -ACGAAGGACTAATGAAT CAGCAAAACC-3 0 ) or GeneRacer 5 0 -primer and GSP for 3 0 ends; 3 0 -GSP (5 0 -GCCCTAGAAGAGGAATCAGAACATCCA-3 0 ) and 3 0 -nested GSP (5 0 -TGTTGGTTAATACTGGTGGAAGGG AGA-3 0 ). Coding regions of 4 0 OMT from California poppy were amplified by PCR using forward primer (5 0 -ACAGCAGCA TATGGGTTTAGAATTTAATG-3 0 ) and reverse primer (5 0 -AGGAAAGCTCGAGTGATACTAAGGGAAAG-3 0 ) designed to add NdeI and XhoI restriction sites to the 5 0 and 3 0 ends, respectively. The amplified fragment was then subcloned into pET-41aþ vector (Novagen). The construct was sequenced to confirm the integrity of the sequence without the fused peptides derived from the vector sequence. The expression vector was introduced into E. coli BL21 (DE3). Recombinant 4 0 OMT was expressed in E. coli cells that had been incubated at 168C for 24 h after induction with 1 mM isopropylthiogalactoside, and then extracted with extraction buffer [100 mM Tris-HCl (pH 7.5) containing 10% glycerol, 10 mM sodium ascorbate and 20 mM 2-mercaptoethanol]. The supernatant was recovered by centrifugation at 15,000Âg for 15 min and desalted through a PD-10 column (Amersham), and O-methylation activity was measured as described below. Cj4 0 OMT and Cj6OMT in pET-21d (Morishige et al. 2000) were produced under the same expression conditions and used for comparison.
OMT enzyme assay
The reaction mixture consisted of 1 mM laudanosoline or 6 mM norcoclaurine, 2 mM SAM, 20 mM sodium ascorbate, and the enzyme preparation and 100 mM Tris-HCl buffer (pH 7.5). The reaction mixture was incubated at 308C for 1 h, and then the reaction was terminated by the addition of an equal volume of methanol. After protein precipitation by centrifugation at 15,000Âg for 15 min, the reaction product was analyzed with an LCMS-2010 (Shimadzu) as described above, except that 22% methanol containing 1% acetic acid was used as a mobile solvent.
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